Monolayers of colloidal particles formed in a self-organizingpmcess upon dryingof a colloidal suspension arc used as lithographic masks. After deposition of a thin metal layer, the mask is detached from the surface. The resulting surface is examined with optical, scanning electron, and atomic force microscopes. In addition to the well-known triangular structures, which reflect the gaps in the hexagonal arrangement of the particles, we observed the following additional features: hillocks (nano-dots) found just below and nano-rings found around the original location of the particles. These features m a y develop during detachment (hillocks) and formation (rings) of the mask, respectively. Hillocks develop as a consequence of the adhesion of the particles on the surface, whereas rings are formed h m organic residuals in the suspension. We show that these features can be used to fabricate fluorescent dye rings of submicron size.
Introduction
appreciable to overcome the restriction of triangular
The formation of hexagonally ordered monolayers of colloidal particles f?om suspension of colloidal particles has been examined in detail.'-"everal years ago the possibility oflithography by the help of these monolayers was d i s c u s~e d .~~~h i s technique, in which the monolayer is used as deposition or etchng mask, dlows production of regularly arranged structures of triangular features of almost arbitrary materials. The characteristic length scale can bevaried by the use of a proper particle hameter, which is available from 50 n m to 30 p m . Because this technique is quite inexpensive and relatively easily reproduced, it has attracted attention in different types of experiments in which nanostructures play an important role. Nanostructures produced in this way were used, for example, a s phonon dihctiongratings7 or a s test samples for optical nearfield microscopy (SNOM).8,9 Single-domain magnetic structures have been fabricated as well.lo A requirement for the fabrication ofthese masks is a smooth and hydrophilic substrate. Recently, it has been shown that by applying an additional floating pmeess these masks can be used on nonwetting or even on curved surfaces a s well.ll For structures, dictated by the triangular holes in the hcxagonal arrangement of the particles. One approach towards this direction is the use of different forms of ion etchng.I2 By such a n additional treatment, ellipsoidal silver particles have been produced and their optical properties have been studied.13 Nevertheless, in terms of simplicity of the method, a flexible choice of the form of the nanostruetures already during the production process would be favorable. One example of a ring formation has been reported in theliterature,lo but the formation process itself was not studied in detail.
Here we report a systematic study of nontriangular features, hillocks and rings, whch we have observed during our experiments with colloidal masks. To understand the origin of these structures, we performed experiments with colloidal monolayers under different con&tions and observed the resulting structures with optical, scanning electron, and scanningforce microscopy. After a description of the experimental setups and the preparation methods, we discuss the experiments that lead to triangular structures, hillocks, and rings.
Experimental Section
The monolayers of latex spheres were produced by a slow evaporation of a colloidal suspension on a substrate following the method introduced by Micheletto et d.14 As substrates we used glass slides, which were cleaned successively in mucaaol (Merz GmbH, Frankfurt), acetone, ethanol, and millipore water in an ultrasonic bath. In one case, a 20-nm thin Pt-film onglass was used. publ. in: Langmuir 13 (1997), 26, pp. 7080-7084 Konstanzer ,urn) of a glass surface after deposition of 55-nm Au onto a monolayer of 842-nm particles and particle detachment. Triangular Au structoreB and Au wires can be observed.
For the doposition of the metal film, these masks were introduced in a high vacuum chamber. After evacuatmg to 1 x mbar, a thin film of gold of several nanometers thickness was thermally deposited. Then the vacuum chamber was vented, and the latex spheres were removed by ultrasonic cleaning in millipore water. The remaining nanostructutes were then analyzed by optical and scanning electron microscopy (SEMI as weU as with different atomic force microscopes (AFM, two homebuilt AFMs and a Nanoscope D l born Digital Instruments). One of these AFMs allows simultaneously topography and Kelvinmode measurements where tbe local surface potential is measured (similar to the setup discribed by Weaver and Widmamasinghe16 ) with a lateral resolution of 20 n m and a resolution in the surface potential of 10 meV.
Results and Discussion Triangular Structures. For a comparison with later results, Rgure 1 shows the topography (measured by AFM in contact mode) of a glass surface after deposition of 55 nm Au onto the colloid monolayer (d = 842 nm) and successive detachment ofthe latex spheres in an ultrasonic bath. The hexagonal arrangement of the triangular structures can clearly be seen. Upon drylng of the monolayers, the PS particles are shrinking, which leads to the formation of cracks. Therefore, 'metallic wires' can also be found on the surface. As expected, both triangles and wires have the height of the deposited Au f i l m , w h c h was 55 n m in t h s case. h g l e s of this kind have been observed by different author^^--"*'^ and wdl therefore not be hscussed further.
Hillocks. Sometimes a different feature can be observed in these experiments. ments. An AFM topography (contact mode) of a sample prepared in the same way (Figure 3) confirms the impression that these structures are elevated. Typical dimensions of the hllocks in that case are 300 nm in diameter and 40 nm in height.
We believe that these hillocks are formed as a consequence of the adhesion of the particles. A schematic picture is given in figure 4 . During formation of the monolayer, capillary forces defonn the particles, whereby the contact area is enlarged.'"hs sequence could be observed by electron microscopy (not shown here). As the For an even more stringent proof that the triangular structures and the rings consist of different materials, we performed a chemical test on a glass surface covered with both triangular Au structures and rings. The sample was exposed to Caro's acid22 (H2S05, peroxornonosulfuric acid), a strong oxidizing agent, for several hours. After removal from the acid, the substrates were rinsed in water and then dried in a stream of dry nitrogen. A comparison of the AFM images of the same area before and after the treatment (Figures 6a and b ) showed no effect of the chemical treatment on the Au and glass topography, whereas the rings completely disappeared. Thus it is clear that the rings are not made of the deposited metal. As this acid is especially used for removing organic residuals, this result suggests that the r i n~ may consist of organic material and hence be formed already duringthe formation of the colloid monolayer.
O w suggestion is further corroborated by a control experiment in which the colloidal monolayer was prepared on a glass surface and removed without any successive metal film deposition. Once again, rings could be found on the surface. This observation supports the following scenario for the formation of the rings (a schematic drawing is shown in Figure 7) : As more and more liquid evaporates, capillary forces lead to the formation of Bonebeg el al.
micromenisci around the contact area of the colloid particles with the surface. Polymer chains dissolved in the suspension are therefore forced to form rings around the colloidal particles. The observed polymeric residuals might consist of surfactants, which are added to most colloidal suspensions to stabilize the particles and prevent coagulation. This proposal is in complete agreement with the experimental result that we have never observed rings in surfactant-free suspensions up to now, whereas rings are Erequently found after experiments with surfactantcontaining suspeneions. The interpretation is also supported by the surface potential measurement from Figure   6b , where no contrast between rings and Pt surface could be observed. We know from other measurements that even thck layers of polymers can not be detected by the In contrast to the model proposed here, the ring formation was explained by a diffusion process of deposited metal underneath the latex spheres by Winzer et al. Consequently, the rings should consist of the deposited metal. I t might be possible that under certain circumstances t h s process occurs a s well, but up to now it has not been observed in our experiments.
To prove the validity of our proposed model for the ring formation and to show a possible application we have applied a small droplet of rhodamin-6G dye dissolved in a mixture of methanollwater onto a monolayer of already dried 3-pm particles. The solution of these particles is surfactant free and, therefore, no rings could be observed aslong as these colloids were used without the dye. Figure  8a shows a picture taken in an optical microscope. The particles were wiped offmechanically for tlus experiment, so not all of them were removed. Some of the remaining particles appear out of focus of the optical microscope, because the focus is adjusted onto the glass surface. On the surface, a hexagonal pattern of fluorescent rings can be observed. Nevertheless, the resolution of the optical microscope limits the visibility of the rings. In the AFM topography (Figure 8b ), rings with a hameter of 600 nm, a thickness of 150 nm, and a height of-16 nm are resolved. In complete agreement with the proposed model, the dye molecules were arranged around the origmd contact area of the particle. The observed ring diameter of 600 nm once again reflects the fact that the 3-pm particles do not act like hard cores, but are deformed upon adhesion.
Conclusion and Outlook.
In conclusion, we have shown that in addition to the well-known triangular structures, nano-dots and nano-rings can be found in colloid monolayer lithography. The dots are formed as a consequence of the adhesion of the colloids. The rings, on the other hand, develop through capillary forces from residual material in the suspension. We have demonstrated that t h u process can be used to fabricate nanorings of suspended materials (e.g., fluorescent dye). As this process is quite general, it should be possible to arrange not only molecules, but almost any kind of small particles (e.g., metallic or semiconducting) into ring-lke structures.
